Introduction
The Paris agreement [1] established ar oadmap to reduce the atmosphericc oncentration of CO 2 below 350 ppm within this century, including the important milestone of achieving a carbon-neutral economy by 2050. The electrocatalytic CO 2 reductionr eaction (eCO 2 RR) has the potential to abate anthropogenic emissions significantly within this pressing deadline, given its natural coupling with renewable energy sources and mild operating conditions. However,t his vision faces the key challenge of developing selective, active, and stable electrocatalysts in aqueous media. [2] The emergence of synergistic effects in multicomponent systems provides unique opportunities to overcome the scaling relation [3, 4] between the binding energieso fi ntermediates inherently limiting the performance of transition metals typically used for this reaction. [5, 6] However, al imited understanding of interfacial effects frequently accompanied by deep compositional and/or structural changes under reactionc onditions [7] [8] [9] [10] [11] precludes the derivationo fa ccurate structure-performancer elationships that can guide the optimization toward breakthrough advances.
We recently demonstrated that the controlled variation of the geometry and composition achieved by microfabrication tools can be used to derive correlationsw ith catalytic performance, monitord ynamic processes, and gain insights into the nature of the active phase in multicomponent electrocatalysts. [12] In particular, for the highly selectiveC u-In system [7, 13] a direct relationship between the amount of aC u-In bimetallic phase with low indium content and the CO partial current density was disclosedw hen Cu 2 Oa cted as the coppers ource,i rrespectiveo fthei nitial indium phase (In or In 2 O 3 ). Moreover,i ts formation could be associated with as olid-state reaction developedu nder eCO 2 RR conditions manifested in diffusion of indium throught he copperm atrix. The reason for the crucial role of the oxidic copper phase remains unclear but may be associated with any of the diversef eatures linked to Cu 2 Or educed under eCO 2 RR conditions (also called oxide-derived Cu, OD-Cu), such as ar ougher surface, [14] larger density of grain boundaries [15, 16] and the possible presenceo fr esidual oxygen [17, 18] under operation conditions, whichm ay also lead to characteristic electronic properties favoring the eCO 2 RR. [19] These resultsexplain the marked reconstruction under reaction conditions observed in In 2 O 3 supported on Cu 2 O( In 2 O 3 /Cu 2 O) [8] but also stress the difficultyi na chieving,t hrough rational optimization, ac onfiguration with high performance over prolongedo peration. Because this is one of the mostp rominent standingc hallenges towardp racticality in the eCO 2 RR, [5, 20] these results pose the question of whether ah ighly active and stable phase can be achieved by modifyingt he coppers ource.
To investigate this, we explored copper nitride (Cu 3 N),a copperp hase with as lightly more covalentc haracter than Cu 2 O, [21] which has been reportedt od isplay synergetic interactions with Cu in ac ore-shell (Cu 3 N-Cu) configuration, favoring the selectivity towardC 2 + products in the eCO 2 RR as the result of Cu + -Cu 0 interactions. [22] Catalytic tests over In 2 O 3 /Cu 3 N yielded improved activitya nd selectivity toward CO and an excellent structurala nd catalytic stability for at least 50 h. This
The lack of efficient catalysts prevents the electrocatalytic reductiono fc arbon dioxide from contributing to the pressing target of ac arbon-neutral economy.I ndium-modified copper nitride was identified as as table electrocatalyst selective toward CO. In 2 O 3 /Cu 3 Ns howedaFaradaic efficiency of 80 %a t 0.5 Vo verpotential for at least 50 h, in stark contrastt ot he very limited stabilityo ft he benchmark In 2 O 3 /Cu 2 O. Microfabricated systems allowed to correlate activity with highly stable interfaces in indium-modified copper nitride. In contrast, fast diffusion of indium resulted in rapidly evolvingi nterfaces in the case of the system based on oxide-derived Cu. Am etastable nitrogen specieso bserved by spectroscopic means was proposed as the underlying causel eading to the unchanging interfaces. This work reveals the stabilizing properties of nitride-derived copper toward high-performance multicomponent catalysts.
behavior was rationalized over microfabricated electrodes, the analysiso fw hichu nambiguously associatede CO 2 RR activity and interface but did not observe diffusion of indium in the case of In 2 O 3 /Cu 3 N, giving rise to stable interfaces. In stark contrast, typical diffusion lengths of af ew micrometers were found over the system based on OD-Cu. Spectroscopic analyses disclosed temporary persistent nitrogen species upon reduction, which may be associated to the stable behavior.T his work thus unveils indium-modified coppern itride as an ovel, selective, and robustc atalyst and underlines the potential of reduced coppern itride (nitride-derived Cu, ND-Cu) to develop synergistic effects in the eCO 2 RR.
Results and Discussion
High stability and selectivity of indium-modified copper nitride
We aimed to enhancet he modest structurals tabilityo ft he In 2 O 3 /Cu 2 Os ystem [7] by replacing copper oxide by coppern itride without negatively affecting its high selectivity. (Figure 1a )c onfirmed the successful formationo ft he nitride phase, although no reflection associated to indium phases could be identified owing to the low loading (Table S1 in the Supporting Information) and high dispersion observable in the scanning transmission electron microscopy (STEM) coupled to energy-dispersive X-ray spectroscopy (EDXS) elemental maps (Figure 1b) . Reflections associated to In 2 O 3 were nonetheless visible in oxidebased counterparts ( Figure S1 in the Supporting Information), likely owing to the slightly larger average particles ize (Figure 1b) . In all cases the catalysts presentedasimilars urface structurec omposed of sub-micrometric features ( Figure S2 in the SupportingI nformation).
The powders wered eposited on the microporous layer of a technical carbon gas-diffusion layer (GDL) electrode prior to electrolysis by airbrushing. We first evaluated the catalytic properties of the coppero xide and copper nitride supports, which yieldedv ery modest eCO 2 RR activity (Figure 2a) . Ar emarkably high FE towardC Oofapproximately 80 %ast he only carbon product was achieved over In 2 O 3 /Cu 3 Nw ith 1.7 wt % indium.T his surpassed the best-performing oxide-based system,w hich also promoted formation of formate, likely reflectingt he catalytic nature of the oxide support and/ors urface enrichmento fi ndium, [24] as strongly suggested by the characteristic redox peaks of the In/In 2 O 3 pair [24] (%À0.45 Vand À0.05 Vi nF igure 2b). In turn, this result suggestsm etallic indium as the predominant indiump hase under the operation potential( À0.6 V). Strikingly,b oth materials largely divergedi n terms of catalytic stability( Figure 2c and Figure S3 in the Supporting Information). An extended catalytic test over 50 h showeds table activity ands electivity over In 2 O 3 /Cu 3 N, retaining approximately 90 %o ft he initial FE by the end of the experiment. In contrast, the benchmark In 2 O 3 /Cu 2 Oe xhibited lower currents and an early deactivation pattern. We remark that long-term stability studies for CO production have been primarily focused on silver-based systems so far,i nv iew of the marked instability and/or poor scalability of the rest of highperforming materials. [20] After these observations, we concluded that the copper nitride phase is able to providet he Cu-In (Figure 2b ). The positive influence of the nitride coppers ource in the stability of the system called for furtheri nvestigations, which we initiated by assessing the unmodified oxide and nitride phases under reaction conditions.
Evolution of the unmodified copper nitride
The reduction of Cu 2 Ou nder eCO 2 RR conditions to OD-Cu has been widely reported as aprerequisite for its outstanding catalytic properties. [16, 26, 27] OD-Cu displays ar ougher surface favoring high local pH values [14] and abundance of grain boundaries [28] anda tomicd efects [27, 29] which may be related to the favored diffusion of indium we observed in our previous work. [12] In view of this and the foreseeable similarities between the nitride and oxide phases, prior to analyzing interfacial effects we turnedt oa nalyze the evolution of coppern itride under operation conditions and compareito nthe light of the oxide.
We studied sputtered films allowing fine control over the thickness and composition of metallicc opper, copper oxide, and coppern itride. The surface of the as-deposited films of metallica nd oxidic copper exhibited as imilar aspect under SEM analysis comprising 30-50 nm particles (Figure 3a) , the expectedc ompositiono fw hich was confirmed by their XRD patterns ( Figure S5 in the Supporting Information). In contrast, partially overlapping pyramidal particles formed the surfaceo f the nitride film, clarifying its larger electrochemical doublelayer capacitance ( Figure S6 in the Supporting Information). Upon exposure to eCO 2 RR conditions, XRD patterns indicated the exclusive presenceo fm etallic Cu in all cases ( Figure S5 in the Supporting Information), whereas micrographs displayed almostnoe ffect of the eCO 2 RR on the morphologyo ft he metallic Cu, in contrast with the more open structure observedo n the OD-Cu andN D-Cu (Figure 3a) . Further insights followed from inspection of the currentd ensity evolution (Figure 3b ). Metallicc oppery ieldedamonotonically decreasing current throughout the experiment, whereas Cu 2 Oa nd Cu 3 Ns howed a clear reduction peak at 10-20 sf ollowed by gradual equilibration. Interestingly,t he evolution of interparticle space obtained from analysis of SEM images at different times could link these observations (Figure 3c ). Thes tructure of the nitride and oxide In this respect, photoelectrone mission aroundt he N1sp rovided furthers upport to understandt he reduction process of Cu 3 N ( Figure 3d ). The sharpp eak at approximately 397.7 eV in the fresh materialc orresponds to the BE of nitrogen in Cu 3 N [30] and decreasesg radually overt he course of the experiment until it becomes undetectable after 600 s, supporting the complete reduction to metallicC uo nt he surface. Nonetheless,t he fingerprint of ad ifferent nitrogen speciesa ta pproximately 400 eV emerges after 10 sa nd seems to endure to av ery limited extent until the end of the experiment. As imilar state has been observedd uring the thermal decomposition of Cu 3 Ni nto Cu and N 2 andt entatively assigned to Cu 4 N, the formation of which would be facilitated by the relativelyeasydiffusion of nitrogen in the copperl attice. [30, 31] We mention the difficulty to assess ex situ the complete reduction of Cu 2 Oo wing to the rapid reoxidation of OD-Cu upon exposure to the atmosphere. [32] In summary,w ef ound parallels between the evolution of coppero xide and nitride under eCO 2 RR conditions towardO DCu and ND-Cu, respectively,a lthough the presence of as mall amount of persistentn itrogen with ad ifferent chemical nature formed during the reduction was revealed. This picture made it reasonable to expect comparable synergistic mechanisms between the nitride or the oxide substrates and the indium oxide.
Interfacial activity and stability in indium-modified copper nitride
As the next step, we aimed to understand the nature and the formation mechanismo ft he active phase in this new material. In view of the complexity of the Cu-In system, which makes it poorly accessible to detailed theoretical and/or in situ studies, [33] we approached this task by applying microfabrication tools. [12] Microfabricated catalysts displayadrastic reduction of the uncertaintyi nt erms of composition and structure compared to powder forms.M oreover,t he high throughput at which they can be prepared and their easier integration with characterization techniques make them ap romising model platform for the understanding of multicomponent catalysts.
Hereinw ea pply this approach ( Figure 4 ) to impose microstructure to the systems under study targetinge lectrodes with well-defined interfacial density (see the Experimental Section). Microfabrication allowed the production of several sets of electrodes in ar educed timeframe with highly controlledc omposition and geometryc onsisting of periodic regular hexagonal arrays of circular islands ( % 100 nm height, comprising the indium oxide) deposited on ah omogeneous thin film ( % 200 nm height, the copper-based component). The main geometrical design variable was the interfacial density 1 int as the total length of the perimetero ft he islands per unit area of the electrode, which can be controlled by patterning al ayer of photoresist through UV photolithography.W itht his geometry, the surfaceo ft he electrodes exposes three different possible active sites:t he copperp hase substrate, the indium oxide islands, and the interfacial ones,l ocated at the perimeters. To differentiate interfacial contributions within the total measured activity,w ed esigned electrodes spanning 1 int over several orders of magnitude (178-4440 cm cm [12] andi nt he Supporting Information. The large geometrical active area of the structured electrodes allowedt heir direct electrochemical testing andt he quantificationo ft he gas-phase products with as tandard electrochemicalc ell for eCO 2 RR studies. The catalytic activity of In 2 O 3 / Cu electrodes ( Figure 5 ) displayed low values comparable to the pure phases (see Figure S8 in the Supporting Information) irrespectiveo ft he interfacial density.N onetheless, ad ifferent picture emerged from the In 2 O 3 /Cu 2 Oe lectrodes. The synergistic interaction at the interfaceb etween In 2 O 3 and Cu 2 Ow as clearly manifested by the larger activity and its positive correlation with the interfacial density, [12] which ceased at larger 1 int , resultingi nv ery low activity over electrodes with small islands ( Figure 5 ). In stark contrast, the partial currentd ensity toward CO showed aconsistentpositive correlation with the interfacial density over In 2 O 3 /Cu 3 N. These results confirmed the role of interfacials ites in the eCO 2 RR activity in In 2 O 3 /Cu 3 Na nd revealed the sensitivity of In 2 O 3 /Cu 2 Ot ot he spatial distribution of the phases.O namethodological note, we highlight the importance of homogenous current density,a chievedb ya dding a thin Cu layer (10 nm) under the semiconducting Cu 3 Na nd Cu 2 Of ilms (see Figure S9 in the Supporting Information and the Experimental Section). In our previous study,w eo bserved an appreciable diffusion of indiumo ver In 2 O 3 /Cu 2 Oa fter 5min under reactionc onditions, giving rise to the Cu-In active phase. [12] In this study,w e varied reaction times aiming to monitor its formationa nd facilitate the comparison with In 2 O 3 /Cu 3 N. With this idea in mind, we carefully mapped the indium distribution by SEM-EDXS over the three fresh compositions and after reaction times of 300 and 600 s( Figure 6 ) for electrodes populated with 5 mmi slands, on whichc atalytic performances differed more noticeably ( Figure 5 ). The In 2 O 3 /Cu system showed no visible evolution of the interface, retaining the deposited indium within the perimeter of the islands at all reaction times. In the case of In 2 O 3 /Cu 2 O, the diffusion of indium was clearly observable after 300 s, forming indium-containing halos around the individual islands associated with eCO 2 RR activity. [12] However,a fter 600 s the halos merged,a sr eflected by the rather homogeneous and relatively rich distribution of indium among the islands. These observations at different times explained the direct relation between activity and interfacial density over electrodes with al arger pitch among islands. As the diffusion length of indium becomes closer to the pitch over electrodes with smaller islands at earlier times, the more active Cu-In phase(reasonably associated to the perimeter of the halos) might disappear upon merging of the halos, andt he activity starts to resemble that of pure indium oxide ( Figure S8 in the Supporting Information).
Notably,t here wasn oe videnceo ft his complex evolution process in the case of In 2 O 3 /Cu 3 N. The diffusiono fi ndium was not observable in this case, suggesting its restriction to the nanometre scale in case it exists. This result is in line with the retained dispersiona fter reaction observed over the powder form in Figure 1b and the consistent activity-interfacial density trend found in Figure 5b ecause overlapping of indium-rich areas does not occur. In addition, SEM images ruled out deterioration of the electrode surfacea st he reason behind differences in performance(Figure6).
At this point, evidencec ollected over the nature of the active sites in microfabricated electrodes and the catalytic results obtained over the powder counterparts (Figure2)c ould be directly correlated. As the next step, we aimed to gain further insights into the reason behind the interfacial stabilityo n the In 2 O 3 /Cu 3 Nm aterial.
Metastable nitrogenspecies during the reduction of indiummodified copper nitride
We notice that even thought he debate elucidating if OD-Cu containsr emaining oxygen under operation conditions is still open, there is ac onsensus that it would be limited to trace levels and that the reduction process occurs rapidly. [14, 17] In this context,the suggestedp resence of nitrogen speciesw ith ad ifferent chemical environment even after exposure to reaction conditions for 600 si nC u 3 N ( Figure 3d )a dviseds ome differen- (Figure 7a ). Similar to the case of Cu 3 N, the peak at 397.7 eV disappeared after 600 s, confirming the complete transformationofthe surface. However,the binding energy at approximately 400 eV we associatedt oam etastable state was clearly detectable. Notably,p ost-reaction analysis after am ore prolonged test for 3000 s( 50 min) showeda graduald ecrease of this signal, suggesting that the depletion of nitrogen in the indium-modified copper nitridei sm arkedly delayedc ompared with the pure phase.
The existence of an appreciable amount of nitrogen in the copperm atrix during the reduction and reconstruction process can then be hypothesized to hamper the fast diffusion of indium observed during the reduction and reconstruction process over OD-Cu, [12] restricting the copper-indium interaction to the close vicinity of the islands. After stabilization of the surface and complete elimination of metastable nitrogen at sufficiently long reaction times, the diffusion of indium on metallic copperi se xpected to proceed at av ery low rate at RT,a ccording to our resultso ver In 2 O 3 /Cu ( Figure 6 ) and availabler eports. [34, 35] However,t he participation of electronic effects associated to Cu-In-Ni nteractions cannot be discarded at this point. Similar analyses ( Figure 7b )o vert he powder form in In 2 O 3 /Cu 3 Nw ith 1.7 wt %I ne videnced the complete depletion of nitrogen in the electrode after exposure to eCO 2 RR conditions for 90 min. In conjunction with the stable performance for 50 he xhibited in Figure 2c ,t his observation reveals that the presence of metastable nitrogen is not required for a stable extended operation, in line with the initial stabilizing effect of nitrogen proposed for the microfabricateds ystem. However, we notice that the high stability displayed by the powderform can be also modulated by unaccounted phenomena not easily detectable over the microfabricated counterparts,w hich calls for furtherinvestigations on this matter. In summary,t he set of presentedr esults indicates that In 2 O 3 / Cu 3 Nd evelops highly stable, active, and selective interfaces allowingf or as table operation, in contrast to the rapidly evolving oxide counterpart driven by the fast diffusiono fi ndium (Figure 8) . Even though the nitride phase is rapidlyr educed and undergoes fast surface reconstruction, ac onsiderable amount of nitrogen remains temporarily trapped in the lattice of the ND-Cu, likely stabilizingt he copper-indium interface.
Conclusions
In 2 O 3 /Cu 3 Ne merged as as elective and highlys table electrocatalyst in the reduction of CO 2 to CO (eCO 2 RR), outperforming the less stable oxide-based benchmark.T he use of copper nitride eliminated the uncontrolleds tructural and compositional changes associated with the latter.T he regularc omposition and structure of microstructured electrodes facilitated establishingadirectr elationb etween the Cu-Ini nterface in In 2 O 3 / Cu 3 Na nd eCO 2 RR activity, which wasn ot accompanied by detectablei ndium diffusion into the copperm atrix, as was the case of the oxide-based material. Spectroscopice videncer evealed the presence of metastable nitrogen under reaction conditions, which we associated with the improved interfacial stability. The findings reveal the potentialo fn itride-derived copper to engineer multicomponent systemsw ith high efficiencyf or the eCO 2 RR. In parallel, they underline microfabrication as atool to establish synthesis-property-function relations in multicomponent systemsf or the range of electrocatalytic applications. ). Microfabricated electrodes were prepared on Si wafers. Preparation of the substrate included physical deposition of consecutive thin films of SiO x (500 nm), Ta (50 nm), and Cu (10 nm). Subsequently,m etallic Cu, Cu 2 O, or Cu 3 N( 190 nm) was sputtered at RT.U Vl ithography was used to pattern negative resists with regular hexagonal arrays of circles with coincidental diameter and pitch (2.5, 5, 12.5, and 50 mm) to tune the interfacial density while keeping constant the coverage of the copper surface. After the development of the resist, In 2 O 3 was deposited by evaporation (100 nm). The final electrodes (2.25 cm 2 )w ere obtained after the lift-offo ft he remaining resist. Electrocatalytic tests were performed in 0.1 m KHCO 3 saturated with CO 2 at À0.6 Vv s. RHE. Gaseous products were analyzed by on-line GC. Liquid products were analyzed by 1 HNMR spectroscopy.T he structural and compositional properties of the catalysts were studied by XRD, XPS, and STEM coupled to EDXS. The other experimental details are presented in the Supporting Information.
